Cancer is a leading cause of death worldwide and poses a challenge to treatment. With overwhelming evidence of the role played by diet and lifestyle in cancer risk and prevention, there is a growing interest into the search for chemopreventative or chemotherapeutic agents derived from natural products. Honey is an important source of bioactive compounds derived from plants and recent years have seen an increased interest in its anticancer properties. This review examines the role of honey in targeting key hallmarks of carcinogenesis, including uncontrolled proliferation, apoptosis evasion, angiogenesis, growth factor signalling, invasion, and inflammation. The evidence for honey as an adjunct to conventional cancer therapy is also presented. The review also highlights gaps in the current understanding and concludes that, before translation of evidence from cell culture and animal studies into the clinical setting, further studies are warranted to examine the effects of honey at a molecular level, as well as on cells in the tumour environment.
Introduction
Cancer is one of the most common causes of death and represents a significant health burden [1] . In spite of considerable research input, this pervasive condition remains a challenge to prevent and treat. Conventional methods to treat cancer have severe side effects necessitating the search for novel, less toxic therapies. Approximately 90%-95% of cancer cases are thought to be related to the environment and lifestyle of an individual [2] , highlighting the potential role of diet in carcinogenesis [3] . In recent years there has been increased interest in the search for chemopreventive and chemotherapeutic agents derived from food or natural products. The relative safety of food-derived compounds makes this an attractive alternative compared to conventional cancer therapy.
Natural honey is produced by bees and contains over 200 compounds, consisting mainly of sugars (75% monosaccharides: glucose and fructose; 10%-15% disaccharides: sucrose, maltose, etc.) and water, as well as enzymes, vitamins (Vitamin B6, riboflavin, niacin, thiamine, etc.), minerals, phenolic compounds (flavonoids, phenolic acids), volatile compounds, and pigments [4] [5] [6] [7] . Honey has been used for centuries as a food source and medicine, and current research suggests it may be a beneficial aid to cancer therapy. Reactive oxygen species (ROS) and inflammation play an important role in the process of carcinogenesis [8, 9] . The antioxidant and anti-inflammatory action of honey is well documented [10] [11] [12] [13] [14] and related to its phenolic constituents [4, 5, 15, 16] . These include phenolic acids such as caffeic acid, ellagic acid, gallic acid, syringic acid, chlorogenic acid, p-coumaric acid, ferulic acid, and the flavonoids chrysin, kaempferol, catechin, quercetin, galangin, luteolin, pinocembrin, pinobankskin, and myricetin [17, 18] . Caffeic acid, benzoic acid, and gallic acid are 
The Antiproliferative Properties of Honey
Aberrant proliferation is a defining feature of tumour cells and is a key target for both conventional chemotherapeutics and novel therapies. Cell cycle deregulation underlies uncontrolled cell proliferation leading to tumour formation. Growth arrest at G0/G1 and G2/M phases or apoptosis can be initiated with DNA alterations. Many chemotherapeutic drugs are targeted at inhibiting the cell cycle in S and M phases. Several studies have reported honey treatment of cell lines leading to arrest of cells in the G0/G1 phase in bladder (T24, 253 J, RT4, and MBT-2) [32] , colon (HCT-15 and HT-29) [33] , and human melanoma (A375) [34] cell lines.
Multiple honey types have been tested for their in vitro effects on cell proliferation. Swellam et al. [32] examined the effect of increasing doses of pure unfractionated honey, sourced from Tokyo, Japan, in three human bladder cancer cell lines (T24, 253J, and RT4), as well as in one murine bladder cell line (MBT-2), using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Compared to control, at 12% final concentration, honey reduced the cancer cell viability to 18% viable cells in MBT-2 and RT4 cell lines. Very few viable cells were present in T24 and 253J cells after 24 h incubation with 12% honey. A higher dose of 25% honey did not show any additional effects. The 5-bromodeoxyuridine (BrDu) labelling index also showed minimal cell viability in RT4, T24, and 253J cells in the presence of 12% honey. Flow cytometry analysis matched the BrdU labelling index and showed a significant low S phase fraction and accumulation of a large cell population behind the G1 peak in the presence of both 6% and 12% honey. Interestingly, the effect was higher in the presence of 6% honey than 12% in the 253J and RT4 cell lines [32] . Likewise the apoptotic rate in the presence of 6% honey was higher than 12%, an effect which may be related to the low cell survival rate at a higher concentration of honey.
Manuka honey (UMF 10+) was shown to inhibit cell proliferation at concentrations as low as 0.6% (w/v) in multiple cell lines (human breast cancer MCF-7, murine melanoma B16.F1, and mouse colon carcinoma CT26) in a dose and time dependent manner [35] . Using the CellTiter-Glo ® Luminescent cell viability assay (Promega, Madison, WI, USA), the authors found 40% inhibition after 24 h and 60% after 72 h incubation of MCF-7 cells, with 5% final concentration of honey. Similar results were shown for other cell lines, with B16.F1 viability reduced to 43% of control after 24 h and 17% after 72 h following treatment with 2.5% manuka honey. The honey treatment reduced CT26 cell Multiple honey types have been tested for their in vitro effects on cell proliferation. Swellam et al. [32] examined the effect of increasing doses of pure unfractionated honey, sourced from Tokyo, Japan, in three human bladder cancer cell lines (T24, 253J, and RT4), as well as in one murine bladder cell line (MBT-2), using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Compared to control, at 12% final concentration, honey reduced the cancer cell viability to 18% viable cells in MBT-2 and RT4 cell lines. Very few viable cells were present in T24 and 253J cells after 24 h incubation with 12% honey. A higher dose of 25% honey did not show any additional effects. The 5-bromodeoxyuridine (BrDu) labelling index also showed minimal cell viability in RT4, T24, and 253J cells in the presence of 12% honey. Flow cytometry analysis matched the BrdU labelling index and showed a significant low S phase fraction and accumulation of a large cell population behind the G1 peak in the presence of both 6% and 12% honey. Interestingly, the effect was higher in the presence of 6% honey than 12% in the 253J and RT4 cell lines [32] . Likewise the apoptotic rate in the presence of 6% honey was higher than 12%, an effect which may be related to the low cell survival rate at a higher concentration of honey.
Manuka honey (UMF 10+) was shown to inhibit cell proliferation at concentrations as low as 0.6% (w/v) in multiple cell lines (human breast cancer MCF-7, murine melanoma B16.F1, and mouse colon carcinoma CT26) in a dose and time dependent manner [35] . Using the CellTiter-Glo ® Luminescent cell viability assay (Promega, Madison, WI, USA), the authors found 40% inhibition after 24 h and 60% after 72 h incubation of MCF-7 cells, with 5% final concentration of honey. Similar results were shown for other cell lines, with B16.F1 viability reduced to 43% of control after 24 h and 17% after 72 h following treatment with 2.5% manuka honey. The honey treatment reduced CT26 cell viability to 30% (24 h ) and 7% (72 h ) to that of the control. This study also demonstrated that the antiproliferative effect of manuka honey was associated with the activation of a caspase-9-dependent apoptotic pathway [35] .
Tualang honey was shown to exhibit antiproliferative effects in oral squamous and osteosarcomal cell lines [36] , with complete growth inhibition at 15% final concentrations and IC50 of 4% (oral squamous cell line) and 3.5% (osteosarcomal cell line). Since honey is supersaturated with sugars, the authors also examined the effects of a mixture of glucose, fructose, and sucrose, and showed that the antiproliferative effect of honey superseded the osmolarity effects of sugars. By examining the antiproliferative activity in the presence of catalase, they also ruled out the toxic effects of hydrogen peroxide and indicated that the antiproliferative effects of honey were related to its phenolic content. Tualang honey has also been shown to be antiproliferative against several other cancer models, including human breast cancer (MCF-7 and MDA-MB-231), cervical cancer (HeLa), and leukemia (K562 and MV4-11) cell lines [37, 38] . However, it did not exert cytotoxic effects on the MCF-10A, a normal breast cell line [37] . A similar selective cytotoxicity effect has been reported for gelam honey against liver cancer HepG2 cells where, compared to non-neoplastic cells [39, 40] , a much higher concentration of honey caused cytotoxicity of the normal cell line (25% vs. 70%).
Thyme honey has been tested for its antiproliferative effects in breast cancer (MCF-7), prostate cancer (PC3), and endometrial cancer (ishikawa) cell lines [41] . In this study, honey was shown to reduce cell viability by 10% at the highest concentration (125 ug/mL) [41] . However, the highest concentration used in this study was much lower than the concentration used by Ghasham et al. [36] and this might be the reason why the effect of honey was lower than that observed by Ghasham et al. [36] . Tsiapara et al. [41] also showed an augmentary effect of fir honey on MCF-7 cell proliferation. Although it is not understood why this honey might have exerted a stimulatory effect it may, however, be related to its nutrient (glucose, amino acids, minerals), hydrogen peroxide, and phenolic constituent content, especially quercetin, which has been reported to exert biphasic effects on cancer cells [42] .
Gelam and nenas honey were tested for their antiproliferative effects using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay in the colon cancer HT29 cell line, with an IC50 of 39 mg/mL (~3.9%) and 85 mg/mL (~8.5%), respectively reported for each honey type [43] . Their results for gelam honey were similar to the ones reported by Ghasham et al. [36] . Honey varieties differ in their phenolic content and, therefore, their antioxidant-related effects are likely to vary as well. Tualang honey has been shown to contain slightly higher phenolic and flavonoid content than gelam honey [44] and, if results are compared between Ghasham et al. [36] and Wen et al., then the slightly better IC50 for tualang honey, in an osteosarcomal cell line, compared to gelam honey, in the HT29 cell line, can be explained due its higher antioxidant content. However, the IC50 of tualang honey in an oral squamous cell line was similar to the one observed for gelam honey. For acacia honey, an IC50 of 2% (0.02 g/mL) was reported for both murine (B16-F1) and human (A375) melanoma cell lines [34] . The same honey showed an IC50 of 4.4% for 24 h and 1.9% for 48 h incubation with honey of a human prostate cancer (PC3) cell line [45] . This suggests that the effects of honey can vary between the varieties of honey, as well as the cell lines which are tested. Most studies do not provide information on the passage number of the cells tested and this might also influence the results obtained.
Another confounding factor that might influence results when honey is tested using in vitro studies is the effect of sugars on cell proliferation. Glucose is a preferred nutrient for cancer cells and sugars present in honey have been suggested to have both mutagenic, as well as antimutagenic, effects. Wang et al. used the Ames mutagenicity assay to test the mutagenic and antimutagenic effects of seven different honeys, as well as their individual sugar components [46] . The results showed antimutagenic effects of monosaccharide sugars, as well as honeys, against food mutagen Trpp-1 (3-amino-1,4-dimethyl-5H-pyrido[4, 3-b] indole), at concentrations above 100 µg/mL (0.01% w/v). Buckwheat honey was shown to be the most effective of the seven honey types which were tested [46] . While there are numerous studies which examined the antiproliferative effects of honey in cell culture, the type of honey used was often different and many studies did not compare the effect of sugars versus the effects seen for honey. In our experience, the effects of honey can vary between cell lines and also the type of honey that is used. Preliminary data showing the effects of honey on the viability of breast, prostate, colon, and several brain tumour cell lines (Figure 2 ) illustrates that only in some cell lines the effect of honey supersedes the effect of sugars. This disparity may be related to the phenolic content of the honey and/or the metabolism of sugars, as well as the number of glucose transporters (GLUTs) expressed by cancer cells [47] .
Diseases 2016, 4, 30 5 of 25 sugars versus the effects seen for honey. In our experience, the effects of honey can vary between cell lines and also the type of honey that is used. Preliminary data showing the effects of honey on the viability of breast, prostate, colon, and several brain tumour cell lines (Figure 2 ) illustrates that only in some cell lines the effect of honey supersedes the effect of sugars. This disparity may be related to the phenolic content of the honey and/or the metabolism of sugars, as well as the number of glucose transporters (GLUTs) expressed by cancer cells [47] . Legend: Concentrations of 10% honey (manuka 15+ and pure raw unprocessed wild flower honey) were compared to a solution containing 3% glucose and 4% fructose, the equivalent amount found in honey. Four brain cell lines were studied: normal astrocyte (CC2565), grade IV glioblastoma (UP029), glioblastoma multiforme (SEBTA003, SEBTA025), as well as one breast cancer cell line (MDA-MB231), one prostate cancer cell line (PC3), and one colon cancer cell line (Caco-2). Absorbance readings were measured at 490 nm, the values being normalised to 100% of media control. The percentage of viable cells in the presence of sugars and honey were measured after 24 h incubation. A comparison of honey treatment with the sugar mixture showed a significant difference (p < 0.05) in some, but not all, cancer cells (Wilcoxon rank sum test with IBM SPSS Statistics for Macintosh, Version 22.0, IBM Corp. Armonk, NY, USA).
Our results are in agreement with the data obtained by Wen et al. [43] and Ghasham et al. [36] , in that the effects of honey can vary between the type of honey used, as well as the cell line investigated. These results highlight that for in vitro cell culture studies, it is important to rule out the effects of sugars on cell proliferation. Secondly, if the proposed activity is suggested to be due to the antioxidant components of honey, then the antioxidant and phenolic content of honey should also be measured and correlated with the cell viability analysis. Furthermore, a higher antiproliferative effect has been shown in honeys with high phenolic content [33] .
Many of the individual constituents of honey have been tested for their antiproliferative effects. Chrysin is one of the best-studied phenolics found in honey and its toxic effects have been reported against several cancer cell lines. For example, one study using chrysin at concentrations of 25 µM and 50 µM demonstrated 15% and 25% inhibition of human melanoma (A375) and 10% and 20% inhibition of murine melanoma (B16-F1) cell lines, following a 24 h treatment. The results were acquired using the MTT assay [48] . An IC50 of 50 µM was found for both human and murine melanoma cell lines after 72 h incubation. In the same study, acacia honey also caused inhibition in a time and dose dependent manner with an estimated IC50 value equal to about 0.02 g/mL, regarding both murine and human melanoma cell lines [48] . However, in the human colon cancer cell lines, Figure 2 . The effect of manuka 15+ honey and pure raw unprocessed honey (USA) on cell viability, using MTS assay.
Legend: Concentrations of 10% honey (manuka 15+ and pure raw unprocessed wild flower honey) were compared to a solution containing 3% glucose and 4% fructose, the equivalent amount found in honey. Four brain cell lines were studied: normal astrocyte (CC2565), grade IV glioblastoma (UP029), glioblastoma multiforme (SEBTA003, SEBTA025), as well as one breast cancer cell line (MDA-MB231), one prostate cancer cell line (PC3), and one colon cancer cell line (Caco-2). Absorbance readings were measured at 490 nm, the values being normalised to 100% of media control. The percentage of viable cells in the presence of sugars and honey were measured after 24 h incubation. A comparison of honey treatment with the sugar mixture showed a significant difference (p < 0.05) in some, but not all, cancer cells (Wilcoxon rank sum test with IBM SPSS Statistics for Macintosh, Version 22.0, IBM Corp. Armonk, NY, USA).
Many of the individual constituents of honey have been tested for their antiproliferative effects. Chrysin is one of the best-studied phenolics found in honey and its toxic effects have been reported against several cancer cell lines. For example, one study using chrysin at concentrations of 25 µM and 50 µM demonstrated 15% and 25% inhibition of human melanoma (A375) and 10% and 20% inhibition of murine melanoma (B16-F1) cell lines, following a 24 h treatment. The results were acquired using the MTT assay [48] . An IC50 of 50 µM was found for both human and murine melanoma cell lines after 72 h incubation. In the same study, acacia honey also caused inhibition in a time and dose dependent manner with an estimated IC50 value equal to about 0.02 g/mL, regarding both murine and human melanoma cell lines [48] . However, in the human colon cancer cell lines, maximum inhibition of HCT16 cell viability by chrysin was observed at a final concentration of 100 µM, with~13% inhibition observed after 6 h and~78% inhibition after 48 h of incubation [48] . Interestingly, the toxic effects were only observed in the cancer cells, while the control cell lines were not affected. In addition, cytotoxicity of chrysin has been reported against several other cancer cell lines, including breast, prostate, cervical, liver, glioblastoma, lung, liver, and pancreatic cancer [48] [49] [50] . Recently, chrysin's anticancer activity has been reviewed by Kasala et al. [50] , with chrysin being shown to inhibit cancer growth through modulation of phase I and phase II enzymes, induction of apoptosis, alteration of cell cycle, inhibition of angiogenesis, and invasion and metastasis. In the HCT 116 human colon cancer cell line, the luciferase assay demonstrated an increase in the activation of three transcriptional pathways (nuclear factor kappa B (NF-κB) response element, serum response element and activator protein 1 (AP-1) response element) by chrysin in a time-dependent manner [51] . This was accompanied by an increase in tumour necrosis factor-alpha (TNF-α) and tumour necrosis factor-beta (TNF-β) gene expression, and induction of cell apoptosis.
The antiproliferative effects of quercetin have been reported for HL-60 leukemia [52] , MCF-7 human breast cancer [53] , Caco-2 human colon adenocarcinoma [54] , PC3 and DU145 prostate cancers [42, 55] , SCC25 oral cancer [56] , ishikawa endometrial cancer [57] , and SPC212 and SPC111 malignant mesothelioma cell lines [58] . In the HL-60 cell line, concentrations as low as 10 µM were found to inhibit cancer cell growth by 17% after 24 h incubation and~53% after 96 h incubation [52] . In the case of prostate cancer cell lines, no significant effect was observed at 10 µM and 24 h incubation, however, at a higher concentration (50 µM), a significant inhibition of PC3 and DU145 cell growth was observed, but no effect was observed in LNCaP or in BG-9 normal skin fibroblast cells [55] . Some studies showed a biphasic effect of quercetin [42] , a synergistic antiproliferative effect between quercetin and cisplatin also being reported [58] . Other honey constituents, i.e., caffeic acid, kaempferol, apigenin, and luteolin etc., have been tested for their anticancer properties, which has been extensively covered previously [59, 60] . It is interesting to note that when tested individually, all phenolic compounds inhibit cell proliferation at concentrations which are 10-to 100-fold in excess than the amount present in honey. This suggests that either in honey, in spite of the low concentrations, synergism between these compounds leads to antiproliferative effects, or there are other cytotoxic components of honey that are yet to be studied.
Modulation of Growth Factor Signalling by Honey
Growth factors, through interaction with their receptors, transfer signals from outside to the inside of the cells, leading to activation of various genes. Cancer cells synthesise their own growth factors, thus evading normal growth factor responses, and become self-sufficient [61, 62] . The epidermal growth factor receptor (EGFR) is a key cell surface receptor frequently up-regulated or overexpressed in cancer. Binding of ligands (epidermal growth factor (EGF), transforming growth factor-alpha (TGF-α)) to their receptors initiates several signal transduction cascades, specifically the mitogen-activated protein kinase (MAPK), protein kinase B (Akt), and c-Jun N-terminal kinase (JNK) pathways, resulting in DNA synthesis and cell proliferation [63] .
Only a few studies have examined the effect of honey on growth factor signal transduction. Treatment with gelam honey (40-100 mg/mL) alone and in combination with ginger (honey 10-50 mg/mL plus ginger 3 mg/mL) led to downregulation of Kirsten rat sarcoma viral oncogene homolog (KRAS), extracellular signal-regulated kinase (ERK), and Akt genes in the colorectal cancer cell line HT29 [64] . In dermal fibroblasts, manuka honey, at a concentration of 0.1%, showed a protective effect on 2,2 -azobis (2-amidinopropane) dihydrochloride (AAPH)-induced stressed cells, by activating 5 AMP-activated protein kinase (AMPK) phosphorylation, as well as the NrF2/ARE anti-inflammatory signalling pathway [65] . Honey treatment also upregulated the antioxidant defence and downregulated the markers of oxidative stress. The authors proposed this as a wound healing mechanism of honey [65] . Future studies should examine the effect of honey on fibroblasts in the tumour microenvironment.
While there is limited data on the effect of whole honey on growth factors and growth factor signalling, some research has shown that phenolic compounds can supress selected growth factors in vitro. Quercetin (100 µM) treatment significantly decreased EGF gene and protein expression in an endometrial cancer cell line (Ishiwaka) [57] . Treatment with 5-30 µM of caffeic acid phenethyl ester (CAPE), a compound derived from honeybee propolis, decreased the total abundance and phosphorylation of EGFR in MDA-231 breast cancer cells in a dose-dependent manner [66] .
A growth inhibitory effect of ellagic acid (10 µM) has been reported for SW480 colon cancer cells through downregulation of the insulin-like growth factor 2 (IGF-II) signalling pathway [67] . Hesperetin supplementation of rats, at 20 mg/kg, has been reported to decrease 1,2-dimethylhydrazine-induced formation of angiogenic growth factors, such as vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), and EGF, in experimental colon cancer [68] . Although there is little evidence on whether honey influences growth factor signalling, the above studies demonstrate the need for further research using whole honey.
The Apoptotic Properties of Honey
Regulation of apoptosis is critical in cancer pathogenesis, as failure to undergo apoptosis results in an uncontrolled increase in cancerous cells. Evasion of programmed cell death involves complex mechanisms with numerous molecules and processes, mainly mediated by proteolytic enzymes called caspases, which cleave specific proteins in the cytoplasm and nucleus, thus triggering cell death [69] . Mitochondria also play an important role in the regulation of certain apoptotic pathways. Many bioactive compounds, including polyphenols and vitamins found in honey, have been found to affect mitochondrial functions [70] . Targeting these processes is of great importance in order to inhibit tumour growth.
Honey has been studied in various cancer cell lines for its ability to induce apoptosis, with several mechanisms of action being suggested. The apoptotic effects of a range of Spanish honeys were observed on human peripheral blood promyelocytic leukaemia cells (HL-60) [71] . The cells were exposed for 24 and 48 h to 2.5% and 5% of three types of honey (heather, rosemary ,and polyfloral), as well as an artificial honey composed of sugars (1.8% sucrose, 7.5% maltose, 40.5% fructose, and 33.5% glucose). The apoptotic cells were identified by chromatin condensation and flow cytometry analysis, the results being compared to controls (negative control-untreated cells, and positive control of apoptosis-etoposide-treated cells). At a final concentration of 5%, all types of honey showed a significant difference in apoptotic cells when compared to the negative control, with the highest increase being achieved after 48 h of incubation with 5% heather and polyfloral honeys (about a 74% increase of apoptotic cells). The number of apoptotic cells in the honey-treated cells were also higher in comparison to the cells treated with the mixture of sugars. Furthermore, ROS production was determined using 2 ,7 -dichlorodihydrofluorescein diacetate (H 2 DCFDA), the authors concluding that the investigated Spanish honeys induced apoptosis in HL-60 cells through a ROS-independent pathway [71] . An Iranian multifloral honey was found to induce apoptosis on the ACHN renal carcinoma cell lines in a time-and concentration-dependent manner, with the highest number of apoptotic cells being achieved after incubation with 20% honey for 48 h [72] .
Honey has also been shown to promote apoptosis in animal models of various types of cancer. In one study [32] 100 female C3H/He mice were injected with MBT-2 mouse bladder tumour cell line cell suspension and split randomly into five groups. One group received intralesional supplementation of 0.1 mL of 12% honey for three weeks, while another group received the same treatment using 6% honey. A third group received intravenous saline instead of honey, while a fourth group received about 1.5 mL of 50% honey in drinking water. The final group was left untreated for control. The results showed a significant growth inhibitory effect of both intralesional and oral administration of honey. The authors also identified apoptotic cells in T24 human bladder cancer cells, by assessing DNA breaks during apoptosis, using the Terminal deoxynucleotidyl transferase dUTP Nick-End Labeling (TUNEL) assay [32] . The cells were treated with 6% and 12% honey for 24 h, and the results showed a higher increase in apoptotic cells when using 6% honey. However, these results were not compared with the effects of a sugar mixture or artificial honey [32] .
A study investigating oral administration of honey combined with Aloe vera found an increase in apoptosis in Wistar rats implanted subcutaneously with a Walker 256 carcinoma cell suspension [73] . These rats received daily a 670 mL/kg dose of a solution containing honey and Aloe vera (500 g honey, 500 g Aloe vera, 30 mL ethanol), while the control group received the same amount of saline solution. The tumour cells were examined at 7, 14 and 20 days after implantation using immunohistochemistry. The researchers found that the Aloe vera and honey mixture increased the expression of the proapototic protein Bax, especially on day 20, while inhibiting expression of the antiapoptotic protein Bcl-2, especially in the early stages of the tumour development (day 7 and day 14). The Bax/Bcl-2 ratio in the tumours treated with the honey-Aloe vera combination was raised, the authors concluding that honey and Aloe vera can modulate tumour growth by increasing the susceptibility to apoptosis [73] .
Another in vitro study on colon carcinoma cell lines (HCT-15 and HT-29) showed that a pure unfractionated Indian honey induced apoptosis through ROS production and mitochondria-dependent mechanisms, as well as via modulation of the expression of antiapoptotic and proapoptotic proteins [74] . The HCT-15 cells were treated with 3% honey for 12, 24, and 48 h, using untreated cells as a control. Using the Western blot assay, the authors analysed the expression of proteins involved in apoptosis, concluding that the protein expression was affected in a time-dependent manner with the greatest difference being observed at 48 h: with an increase in p53, caspase-3, and Bax, and a decrease in poly ADP ribose polymerase (PARP) and Bcl-2. Furthermore, the apoptotic cells were quantified using flow cytometry (YO-PRO-1 staining), the results also showing the greatest increase in apoptotic cells at 48 h: 52.60% (HCT-15) and 46.86% (HT-29). Nevertheless, the authors did not examine these effects at higher concentrations of honey and artificial honey i.e., a sugar mixture was not tested [74] .
Manuka honey was shown to induce late apoptotic events in murine melanoma (B16.F1), colorectal carcinoma (CT26), and human breast cancer (MCF-7) cells in vitro, and inhibit tumour growth by increasing apoptosis in a mouse melanoma model [35] . These results were achieved by incubating for 12, 24, and 48 h with a range of manuka honey (UMF 10+) concentrations from 0.3%-5%. Paclitaxel (10 ng/mL or 50 ng/mL) was used as a positive control, while the negative control contained only media. Apoptotic cells were identified by flow cytometry, and the expression of PARP and Bcl-2 proteins were demonstrated using Western blotting. Furthermore, the effect of caspase activation, induced by manuka, on DNA fragmentation was examined by agarose gel electrophoresis. The results showed that manuka honey promotes apoptosis in a time-and dose-dependent manner through the intrinsic apoptotic pathway, which involves activation of the executioner caspase-3 by the initiator caspase-9 [35] . In addition, apoptosis was also associated with the activation of PARP, induction of DNA fragmentation, as well as decreased Bcl-2 expression [35] .
Tualang honey has shown anticancer effects in breast and cervical cancer cell lines. An in vitro study on breast cancer cell lines (MDA-MB-231 and MCF-7) and HeLa cells, found that tualang honey was cytotoxic and induced cell death in a time-and dose-dependent manner [37] . The authors analysed the cancer cells by flow cytometry (fluorescence-activated cell sorting (FACS)) after incubating the cells with a IC50 dose of honey for each cell line (2.8% for MDA-MB-231, 2.4% for MCF-7, and 2.4% for HeLa cells) for 6, 24, 48 and 72 h. After staining with annexin V fluorescence antibody and propidium iodide, the cells showed maximum percentages of apoptosis after 48 h (51.2% for MDA-MB-231) and 72 h (55.6% for MCF-7 and 56.2% for HeLa cells). Furthermore, green fluorescence also indicated activation of caspase-3/7 and caspase-9 in all three types of cells after a 6 h incubation with an IC50 dose of honey, indicating apoptosis was induced by mitochondrial membrane depolarisation. When carrying out the same experiments on normal breast epithelial cell line (MCF-10A), none of these effects were observed [37] .
A recent study looked at the effect of gelam honey in combination with ginger extract on colorectal cancer cell line HT29 [64] . The authors found that combining these two compounds stimulates early apoptosis by upregulating caspase-9 and IκBα genes. The mechanism of cell death was evaluated after treatment with either ginger extract, gelam honey or a combination of ginger and honey for 24 h using the Cell Death Detection ELISA PLUS 96 kit (Roche Applied Science, Mannhein, Germany). A synergistic increase in the rate of apoptosis was observed in the combined treatment group. Furthermore, RT-qPCR investigations found that the expression of the proapoptotic gene caspase-9 was upregulated in treatments with high concentrations of honey (100 mg/mL), while the combination of honey and ginger produced a similar upregulation at a much lower dose (ginger 3 mg/mL + honey 30 mg/mL). The NF-κB transcription factor inhibitor, IκBα, was highly upregulated in cancer cells treated with gelam honey (100 mg/mL), a very similar effect being observed in the cells treated with a combination of 3 mg/mL ginger and 50 mg/mL honey [64] .
In addition, another study focusing on astragalus honey [75] , analysed the expression of p53 and Bcl-2 genes, in a human hepatic carcinoma cell line (HepG2), human bladder carcinoma (5637), and mice fibroblast normal cell line (L929). The cells were treated with a range of honey concentrations (0.8%-6.25%), as well as a mixture of sugar (31% glucose, 39% fructose, 8% maltose, 3% sucrose) for control. Real-time PCR results showed that honey decreased the expression of Bcl-2 mRNA in HepG2 and 5637 cells, however, these results were very similar to those obtained from the cells treated with the sugar mixture. On the other hand, the expression of this gene remained unchanged in the L929 (normal) cell line. The expression of p53 gene was decreased in Hep62 cells treated with honey, while the sugar mixture caused a 2.5-fold increase when compared to the untreated control. A similar pattern was observed in the 5637 cells, honey decreasing p53 expression while the sugar control showed a two-fold increase. Interestingly, honey decreased p53 expression by half in the L929 cells, while there were no changes noticed in the cells treated with the sugar mixture.
Furthermore, the apoptotic properties of many flavonoids found in honey have been researched in various cancer cell lines. Chrysin [50] , a common flavonoid of buckwheat and manuka honey, was shown to induce apoptosis in heptatocelluar (HepG2), colon (HCT116, DLD1), and rectal cancer (SW387) cell lines within the concentration range 40-100 µM [51, 76, 77] . In prostate (PC3), breast cancer (MDA-MB231), and lung cancer (A549) cell lines, concentrations as low as 10 µM were found to be effective [78] [79] [80] . In U937 leukemia cells, chrysin was shown to induce apoptosis through caspase activation and Akt inactivation [81] . Overall, the mechanisms suggested for the apoptotic activity of chrysin include (i) increasing the expression of proapoptotic proteins p53, Bax, Bad, Bak, and DR5; (ii) decreasing the levels of antiapoptotic protein (Bcl-2), regulating the p53/Bcl-2/caspase-9 signalling pathway; (iii) increasing expression of TNF-α and TNF-β, inhibiting TNF-α-mediated NF-κB activation; (iv) promoting TNF-related apoptosis-inducing ligand (TRAIL)-induced cell death, promoting AMPK activation; (v) downregulating S-phase kinase-associated protein-2 (Skp2) and low-density lipoprotein receptor-related protein 6 (LRP6) expression; and (vi) activation of caspase and inactivation of Akt [50] .
Quercetin has been reported to induce apoptosis in human bladder (MB49, T24, UMUC3), cervical (CaShi, HeLa, SiHa), ovarian (OVCAR-3, TOV21G, HOSE), and breast (MCF-7) cancer cell lines [82] [83] [84] [85] . In cervical cancer cell lines apoptosis was induced at concentrations as low as 20 µM, whereas a higher concentration range (80-100 µM) was required to significantly inhibit apoptosis in bladder, ovarian, and breast cancer cell lines. Ellagic acid is another important flavonoid found in honey and is a potent inducer of apoptosis in cancer cells [86] [87] [88] . This is, however, being extensively covered in another review in this issue. Kaempferol was found to induce apoptosis in both in vitro and in vivo studies in mice, with respective concentrations of 100 µM and 50 mg/kg per day for four weeks, which was shown to have a significant effect on apoptosis in bladder cancer [89, 90] , HT-29 colon cancer, ovarian cancer (A2780/CP70, A2780/wt, OVCAR-3), SiHa human cervical cancer, and MCF-7 breast cancer cells [91] [92] [93] [94] .
In summary, evidence to date shows a promising effect of honey and its constituents on the apoptotic pathways, especially by promoting proapoptotic protein expression and inhibiting the expression of the antiapoptotic protein Bcl-2, as well as by modulating caspase activation, p53 expression, and DNA fragmentation. Some studies found that combining honey with other natural products enhances the apoptotic effects, however, further studies investigating combinations with a wider range of antioxidant-rich products are warranted.
The Anti-Inflammatory and Immunomodulatory Properties of Honey
Inflammation is a biological response to injury which facilitates wound healing and plays a role in many pathological processes. Cytokines released from inflammatory cells can trigger angiogenesis or stroma proliferation, while damage caused by reactive oxygen species (ROS) to the surrounding tissues can cause tumour initiating mutations. This process is, therefore, associated with all stages of carcinogenesis, from initiation and progression, to invasion and metastasis, and has been described as the seventh hallmark of cancer [95] . The association between inflammation and cancer is further supported by epidemiological studies reporting lower incidence of colorectal, prostate, and ovarian cancer in people taking non-steroidal anti-inflammatory drugs (NSAIDs) [96] [97] [98] . In addition, cancer often arises near sites affected by chronic inflammatory disease, suggesting a role for anti-inflammatory treatments in cancer therapy.
The MAPK and NF-κB pathways are important components of the inflammatory response frequently dysregulated in cancers. NF-κB signalling has been identified as a major factor regulating tumour angiogenesis and invasiveness, as well as the ability of malignant cells to resist apoptosis [99] . Constitutive activation of NF-κB is shown in a wide variety of tumour types, including lung cancer, lymphoma, and breast cancer [100] [101] [102] . In mice, the honey constituent galangin (15 mg/kg) was shown to exert anti-inflammatory effects in asthma through inhibition of NF-κB [103] . Similarly, the flavanone chrysin, administered at 250 mg/kg bodyweight three times weekly, reduced cytosolic and mRNA levels of NF-κB and decreased the severity of diethylnitrosamine (DEN)-induced early hepatocarcinogenesis in Wistar rats [104] . CAPE treatment (50-80 µM) inhibits the activation of NF-κB in human monocytic U937 cells by preventing the translocation of the p65 unit of NF-κB and blocking the binding between NF-κB and DNA [105] . Gelam honey extract, as well as quercetin, each used at concentrations of 20, 40, 60, and 80 µg/mL for 24 h, were found to reduce the activation of both NF-κB and MAPK in a dose-dependent manner in the hamster pancreatic cell line HIT-T15 [106] . Later work from the same group found that gelam honey and quercetin (used at the same concentrations as previously) also alter JNK signalling in the same cell line, reducing the expression of the proinflammatory cytokines TNF-α, interleukin-6 (IL-6), and interleukin-1β (IL-1β) [107] .
Activation of MAPK results in induction of proinflammatory cytokines including interleukin-1 (IL-1), IL-6, and TNF-α, as well as inflammatory proteins, such as C-reactive protein (CRP) and cyclooxygenase-2 (COX-2). A honey flavonoid extract (0.5 and 1 µg/mL of flavonoids) significantly inhibited the release of TNF-α and IL-1β and ROS production in lipopolysaccharide (LPS) stimulated N13 microglia [108] . Small human studies have demonstrated that natural honey treatment reduces plasma levels of key inflammatory proteins. CRP was shown to be reduced by 7% after 15 days consumption of 250 mL of water containing 75 g of natural honey [109] . A similar study [110] found that plasma prostaglandin E 2 (PGE 2 ) levels were also reduced after honey consumption. This investigation recruited 12 adult participants (nine male and three female) aged between 25 and 48 years (mean, 38 years). After a 12 h fasting period, baseline blood samples were collected before each participant consumed 250 mL of water containing 1.2 g/kg body weight of natural unprocessed honey. Blood samples were collected at 1, 2, and 3 h post-ingestion and evaluated for changes in PGE 2 . A response was seen after just 1 h with a 14% reduction in mean plasma PGE 2 concentration. The participants were asked to continue a daily honey treatment for 15 days. On completion of the study mean plasma PGE 2 concentration decreased by 63% [110] .
Prostaglandins are produced through the action of cyclooxygenase (COX) enzymes and mediate various aspects of the inflammatory response, including fever, increased vascular permeability, and oedema [111] . An investigation using a rat paw model of inflammation (Sprague Dawley rats) found that honey treatment of 800 mg/kg led to a decrease in PGE 2 levels, as well as a marked decrease in inflammatory activity, indicated by reduced swelling and oedema [112] . Honey methanolic and ethyl acetate extracts (180 mg/kg in 5% DMSO) produced a more profound effect than pure honey. The major phenolic compounds in both extracts were gallic acid, ellagic acid, caffeic acid, luteolin, chrysin, and quercetin, further indicating the importance of these compounds in mediating the anti-inflammatory effects of honey [112] . Induction of PGE 2 was also suppressed by CAPE in cultured human oral epithelial cells used at 2.5 µg/mL, while higher concentrations (10-20 µg/mL) suppressed COX-2 mRNA in the same cells [113] . The authors also demonstrated that CAPE suppressed prostaglandin synthesis in a dose-dependent manner (10-100 mg/kg) and also reduced COX-2 levels in the rat carrageenan air pouch model of inflammation [113] . Expression levels of COX2 and CRP were also found to be reduced in hepatocyte-derived Chang Liver cells on co-incubation with kaempferol and a cytokine mixture in a dose-dependent manner [114] . Immunoblot analysis revealed that quercetin and kaempferol caused a dose-dependent decline in COX2 with IC50 values of 24.7 µmol/L and 17.6 µmol/L for quercetin and kaempferol, respectively. CRP protein levels were also reduced by both treatments with IC50 values of 3.7 µmol/L for quercetin and 1.8 µmol/L for kaempferol. Similar results were found using RT-PCR to evaluate mRNA expression levels, both flavonoids reduced expression of COX2 and CRP genes at all tested concentrations (5-200 µM) [114] .
The pro-inflammatory cytokine interleukin-8 (IL-8) has been found to have tumorigenic and proangiogenic properties. It is a characteristic feature of many chronic inflammatory diseases and it is overexpressed in many human cancers [115] . Honey from multiple geographical sources has been shown to inhibit secretion of IL-8 in vitro, using human colon carcinoma cells (WiDr) [116] . The authors found that the phenolic content and the antioxidant activity, determined by DPPH radical scavenging assay, had no bearing on IL-8 inhibition, suggesting that other compounds must be responsible for this finding.
Other studies have demonstrated that the anti-tumour effect of honey is associated with the production of ROS following immunomodulation. In mice, bee honey has been shown to stimulate the immune system [117] . Swiss albino mice were given bee honey dissolved in distilled water at concentrations of 10, 10, or 1000 mg/100 g body weight orally (0.2 mL/mouse) every other day for four weeks. Control mice received 0.2 mL distilled water only. Several parameters were compared between these groups following inoculation of Ehrlich ascites tumour. The authors found increased macrophage phagocytic activity and T-Cell activation in the honey treated group. A human study [118] also demonstrated the immunomodulatory effect of honey consumption. Participants (seven male and three female, mean age, 31.2 years; range, 20-45 years) received a closely-controlled regular diet during a control period of two weeks, followed by a two week test period during which honey was consumed. Overnight fasting blood samples were taken at the end of the test period. The authors found that daily consumption of 1.2 g/kg body weight of honey dissolved in 250 mL of water resulted in a 50% increase in peripheral blood monocyte counts and modestly increased lymphocyte and eosinophil percentages.
Fukuda et al. [119] demonstrated that jungle honey, used at 10 mg/mL (1% w/v) with phosphate buffered saline (PBS), led to IL-1β induced activation of neutrophils, which then mediated the anti-tumour effect via release of ROS in C57BL/6 mice inoculated with Lewis Lung Carcinoma/2 (LL/2) cells. In the same manner, several types of honey (manuka, pasture, and jelly bush) were shown to induce an anti-tumour effect via immune modulation in the monocytic cell line Mono Mac6 (MM6) [120] . This group found that honey treatment caused an increased induction of IL-1β, IL-6, and TNF-α when used at 1% (w/v) compared to a no treatment control and a sugar analogue. Type II arabinogalactan proteins (APGs), compact glycosylated protein molecules, have been identified as another potential mediator of the immunomodulatory properties of New Zealand honey. AGPs purified from manuka and kanuka honey are able to stimulate the release of TNF-α from monocytic cell lines THP-1 and U937 [121] .
This apparent discrepancy between the pro-and anti-inflammatory properties of honey may be due to differences in the cell lines and animal models used, as well as the honey type and composition. As outlined here, the phenolic components of honey have anti-inflammatory and antioxidant properties, which have been proposed as mechanisms for honey's anti-tumour activity. Each variety of honey has varying amounts of these compounds altering their activity. Further studies are needed to fully elucidate the mechanism of action, particularly concerning the immunomodulatory properties of honey not associated with its antioxidant activity.
The Anti-Angiogenic Potential of Honey
Angiogenesis is the process of new blood vessel growth, which facilitates tissue formation by providing nutrition and oxygen to tissues. This process is important both in wound healing, as well as in the development of malignant tumours, the latter often being described as a wound that does not heal [122] . Cancer cells promote angiogenesis through generation of factors such as bFGF, TNF, and VEGF [123] . Honey is well known to promote angiogenesis in normal cells, with a varied response at different concentrations. It has been suggested that at low concentrations (0.015%-6.2%), honey has proangiogenic effects, which disappears at higher concentrations (>12.5%). Honey has been shown to decrease VEGF formation at high concentrations [124] , while PGE 2 can induce VEGF expression, leading to increase in tumour angiogenesis [125] . In the rat air pouch model of inflammation, honey has been shown to inhibit the angiogenic agents PGE 2 and VEGF [126] . In 7,12-dimethylbenz(α)anthracene (DMBA)-induced breast cancer rats, tualang honey, at concentrations as low as 0.2 g/kg, significantly reduced the cancer growth, increased the number of apoptotic cells, and reduced VEGF levels, as well as the vasculature around the tumour [127] .
Degradation of the extracellular matrix (ECM) by proteases facilitates both angiogenesis and metastasis, protease inhibitors being shown to inhibit the process of carcinogenesis [128] . Honey was found to inhibit extracellular protease and gelatinase activity in HepG2 cancer cells, however, the effects varied with the type of honey that was used [129] . In rats, feeding 300 mg/kg of propolis, a substance used by bees to fill gaps and cracks in hives, was found to inhibit bladder cancer angiogenesis in animals fed N-butyl-(-4-hydroxybutyl) nitrosamine [130] .
Further studies using a co-culture model of endothelial and cancer cells or in vivo animal studies should identify the most effective concentrations, as well as the types of honey with high anti-angiogenic potential. Angiogenesis in wound healing and cancer have some remarkable similarities [122] , the main differences being that in wound healing the process is self-limiting, while this is not the case in cancer cells. It will, therefore, be interesting to compare the effect of honey on the genes expressed in the late stages of wound repair in healthy cells with that of tumour cells in which the process continues and cells continue to grow and metastasise. Pedersen et al. [131] have identified some of these genes, which include GLI3, CRABP-II, calmodulin, galectin-7, conexxin-26, cytokeratin I, and E-cadherin.
The Anti-Invasive Properties of Honey
Metastasis is the most destructive feature of cancer and consists of highly complex mechanisms [132] involving a variety of molecules [133] , such as matrix metalloproteinases (MMPs), integrins, cadherins, plasminogen activators, PI3Ks, Ras-like small GTPases (Rho, Rac, Cdc42), phospholipase C (PLCs), as well as focal adhesion kinases.
There is limited evidence on the effect of honey on the invasive properties of cancer cells. In an in vivo study performed using wildflower honey from Croatia before (preventative) and after (curative) tumour cell inoculation of CBA mice and Y59 rats, honey was found to have a significant anti-metastatic effect when used before tumour inoculation [134] . The mice were injected intravenously with spontaneous mammary carcinoma (MCa) cells and methylcholanthrene-induced fibrosarcoma (FS) cells, while the rats were injected with transplantable anaplastic colon adenocarcinoma (ACa) cells. The mice received an oral dose of 2 g/kg, while the dose for the rats was 1 g/kg of wildflower honey from Croatia, for 10 days before and after treatment. Interestingly, when honey was administered two days after tumour cell inoculation, there was no effect on the formation of tumour nodules in mice, while in rats an even more enhanced tumour growth was observed. The authors associated this effect with activation of the immune system (specifically macrophages) by honey when used preventatively.
Matrix metalloproteinases are important contributors to the invasive and metastatic properties of cancer cells, their expression (especially MMP-2 and MMP-9) being elevated in a range of carcinomas [135] [136] [137] . A limited number of studies have examined the effects of honey on MMP expression or activity in cancer. In one study, Polish honeys were shown to decrease MMP-2 and MMP-9 activity in the glioblastoma cell line U87MG [138] . The cells were treated for 24 h with a concentration of 5% of four types of honey: buckwheat, multifloral light, willow (Salix spp.), and multifloral dark. The MMP-2 and MMP-9 activity was assessed using gelatin zymography, the gels being stained with Coomassie brilliant blue. Although the results show significant differences between the honey-treated cells and the control, it is not clear what the researchers used as a control. Thus, for the future it would be interesting to see whether these results are consistent with results obtained from cells treated with a sugar mixture containing the equivalent of sugar found in these types of honey. The authors also observed that the strongest inhibition of MMP-2 and MMP-9 expression occurred in the cells treated with the honey with the highest phenolic content. Furthermore, the amount of lead and cadmium was also analysed, the authors suggesting a correlation between these and the anti-metastatic activity of honey, as the least inhibition of MMP-2 and MMP-9 expression was noticed in the cells treated with the honey containing the highest amount of cadmium. In HT29 colon cancer cells, combined treatment with gelam honey and ginger reduced the expression of various genes involved in the Ras/ERK and PI3K/AKT pathways, which could have a downstream effect on the expression of certain MMPs involved in tumour invasion, such as MMP-2, MMP-9, or MMP-10 [64] . The results showed that the most effective dose in the downregulation of ERK was a combination of 3 mg/mL ginger and 50 mg/mL gelam honey, while for inhibiting AKT expression a combination of 3 mg/mL ginger and 30 mg/mL honey showed the best results.
There is an increasing amount of evidence in the literature on the anti-metastatic properties of various flavonoids and phenolic compounds found in honey, inhibiting both invasion and migration. Chrysin at a concentration range of 5-50 µM has been shown to downregulate the expression of MMP-2 in glioblastoma (50 µM) [139] , MMP-9 in gastric cancer (>20 µM) [140] and MMP-10 in MCF-7 breast cancer cell line (>5 µM) [141] , thus inhibiting the degradation of ECM and the initiation of the epithelial-mesenchymal transition. On the other hand, Spoerlein et al. found that chrysin, and a chrysin-Cu(II) complex, only slightly decreased MMP-2 expression, while having no significant effect on MMP-9 expression in melanoma cells [142] .
CAPE (5-40 µM) was shown to decrease the enzymatic activity of MMP-2 in a dose-dependent manner in the oral cancer cell line SCC-9. Used at 40 µM, CAPE decreased MMP-2 enzymatic activity by 57% following 24 h treatment [143] . Other studies demonstrated that caffeic acid (50 µmol/L) caused inhibition of migration by suppressing the motility of oral carcinoma (SCC-9) and colon adenocarcinoma (A549) cells [144, 145] or by suppressing the activity of voltage-gated sodium channels in breast cancer [146] . A review by Kuo et al. [147] describes various mechanisms of CAPE to induce cell cycle arrest and apoptosis in oral cancer, including inhibiting Akt signalling and regulating MMP activity, while another review by Lin et al. [148] describes the anticancer effects of CAPE, especially the inhibition of Akt signalling, in prostate cancer.
Moreover, gallic acid has also been shown to downregulate the AKT/small GTPase signalling pathway [149] [150] [151] [152] [153] and MMP (MMP-2, MMP-9) expression [151, 154] in gastric carcinoma, osteosarcoma, glioma, cervical and breast cancer. In the human breast cancer cell line MCF-7, concentrations of gallic acid as low as 1 µM inhibited MMP-2 expression [154] , however, higher concentrations of 2 µM have been reported for gastric adenocarcinoma cells [149] and 20 µM for osteocarcinoma cells [151] . In the latter cell lines, inhibition of MMP-2, MMP-7, and MMP-9 was reported. Chlorogenic acid, a phenolic compound often found in Malaysian honey [12] , was shown to have a strong inhibitory effect at concentrations above 30 µg/mL (~84 µM) on the expression of MMP-9 in a human hepatocellular carcinoma cell line (Hep3B) [155] . Furthermore, a recent in silico study, using Discovery Studio ® Version 3.1 (Accelrys, San Diego, CA, USA) simulation software, found various honey constituents to be potential MMP-2 and MMP-9 inhibitors [156] . It is also worth noting that other apitherapeutic products, such as bee venom, also have anti-metastatic properties by downregulating MMP expression through inhibition of the PI3K/Akt/mTOR pathway [157] .
Overall, honey constituents are shown to lower the expression of MMP-2 and MMP-9 in a range of cancer cell lines, however, currently there is limited evidence on the effect of honey on the metastatic properties of cancer. The suitable concentration range, as well as the type of honey which is likely to have high inhibitory effects, need to be identified.
A summary of the effects of honey demonstrated using in vitro, in vivo and human studies are shown in Tables 1 and 2 . MCF-7, PC3, ishikawa Thyme (Greece) [41] MDA-MB-231, MCF-7, HeLa Tualang (Malaysia) [37] Inhibits cell proliferation MCF-7, B16.F1, CT26 Manuka UMF 10+ (New Zealand) [35] HOS (CRL-1543) Tualang (Malaysia) [36] OSCC (CRL-1623) Tualang (Malaysia) [36] K562, MV4-11 Tualang (Malaysia) [38] HepG2 Gelam (Malaysia) [40] HT29 Gelam and Nenas (Malaysia) [43] B16-F1, A375 Acacia (Unspecified) [34] PC3 Acacia (Pakistan) [45] Apoptotic properties of honey Induces apoptosis ACHN Multifloral (Iran) [72] T24 Pure unfractionated (Tokyo) [32] HCT-15, HT-29 Pure unfractionated (India) [74] Induces apoptosis via ROS-independent pathway HL-60 Heather, rosemary and polyfloral (Spain) [71] Induces apoptosis via mitochondrial membrane depolarisation MDA-MB-231, MCF-7, HeLa Tualang (Malaysia) [37] Increases caspase expression or activation B16.F1, MCF-7, CT26 Manuka UMF 10+ (New Zealand) [35] MDA-MB-231, MCF-7, HeLa Tualang (Malaysia) [37] HCT-15, HT-29 Pure unfractionated (India) [74] HT29 Gelam (Malaysia) [64] Increases expression of pro apoptotic proteins HCT-15, HT-29 Pure unfractionated (India) [74] Decreases expression of anti-apoptotic proteins B16.F1, MCF-7, CT26 Manuka UMF 10+ (New Zealand) [35] HCT-15, HT-29 Pure unfractionated (India) [74] HepG2, 5637 Astragalus (Iran) [75] Growth factor modulation by honey Downregulation of RAS/ERK and PI3K/Akt signalling HT29 Gelam (Malaysia) [64] Anti-inflammatory and immune-modulatory effects of honey
Reduce activation of NF-κB and MAPK HIT-T15 Gelam (Malaysia) [106] Reduces expression of pro-inflammatory cytokines HIT-T15 Gelam (Malaysia) [107] Inhibits expression of IL-8 WiDr
Monofloral (D. longan, L. chinensis, C. maxima and A. formosana) and one multifloral honey (Taiwan) [116] Increases expression of proinflamatory cytokines IL-1β, Il-6, TNF-α MM6 Manuka, Pasture (New Zealand) and Jelly bush (Australia) [120] Anti-angiogenic effects of honey 
Human Studies

Inflammation
Reduces CRP Eight subjects Natural honey [109] Reduces PGE 2 Twelve subjects Natural unprocessed honey [110] Increases peripheral blood monocyte, lymphocyte and eosinophil count Ten subjects Natural honey [118] IV, intravenous injection; IP, intraperitoneal injection; IL, intralesional injection.
Honey for Chemoprevention and as an Adjunct to Anticancer Drugs
The negative side effects of chemotherapeutic treatments can severely impact the quality of life for patients. Therefore, therapies which can prevent progression to malignancy, reduce the required dosage of conventional drugs, or lessen the severity of adverse effects are of considerable benefit. In an experimental model of carcinogenesis, tualang and manuka honey administered to rats at a dose of 1 g/kg body weight, a week before the induction of breast carcinogenesis with N-methyl-N-nitrosourea, significantly inhibited tumour development, with manuka honey being more effective than tualang honey [158] . Another study also reported a reduction in 7,12-dimethylbenz(α)anthracene (DMBA)-induced breast cancer tumour size, when tualang honey was supplemented at a dose of 0.2-2 g/kg body weight for 150 days [127] . Although the mean apoptotic index in this study was not found to be significantly different between the control and honey-supplemented rats, several other cancer-related factors, including tumour size, grade, angiogenesis and VEGF levels, were reduced. Propolis, caffeic acid, wild flower honey, royal jelly, and bee venom were examined for their effects in a transplantable murine tumour model [159] . All interventions were tested for their effectiveness when given before or after the tumour mammary cell inoculations. A significant antimetastatic effect of honey was observed when 2 g/kg honey was given every day for 10 days prior to tumour cell inoculation. Treatment with honey after the tumour cell inoculation, led to an increase in the number of tumour nodules in the lungs, but it was not statistically significant. Both propolis (150 mg/kg) and caffeic acid (150 mg/kg) showed a similar significant protective effect when given before or after the tumour cell inoculation. Royal jelly failed to show a protective effect when given before or after tumour cell inoculation, but it showed a significant inhibition when injected synchronously with the tumour cells.
In mice, both oral and intralesional injection of honey reduced the bladder tumour volume size in MBT-2 tumour cell suspension-induced cancer. For oral administration, 50% honey solution was used and for intralesional injection, 12% and 6% solutions were used. What is interesting about this study is that the mice were allowed to develop a tumour first and honey intervention was only introduced after the tumour volume reached 100-150 mm 3 [32] . Further studies like this should be undertaken to confirm whether honey can be used to reduce, or even treat, pre-existing tumours. Different types of tumours, varieties of honey, and their therapeutic concentration need to be tested. If findings similar to the ones reported by Swellam et al. [32] can be shown for other cancer types, honey will have tremendous clinical implications for the treatment of cancer.
Chemotherapeutic drugs indiscriminately target both healthy and cancer cells and are, therefore, toxic to the biological system. In cell culture studies, the cytotoxic effect of the anticancer drug 4-hydroxytamoxifen at a final concentration of 10 µM was reduced by 1% tualang honey in a non-tumour MCF-10A breast cell line. Tualang honey enhanced the Tamoxifen-induced anticancer activity in both the oestrogen receptor-(ER-)responsive (MCF-7) and ER-nonresponsive (MDA-MB-231) human breast cancer cell lines, but dampened the toxic effect of the drug in the MCF-10A cells, suggesting that tualang honey increases the effectiveness of Tamoxifen against the cancer cells, as well as protects healthy cells from the drug's toxic effects [160, 161] . Honey was also found to increase the expression of DNA repair proteins Ku70 and Ku80 in MCF-10A cells [160] .
Furthermore, manuka honey has been shown to reduce the toxicity of the anticancer drug Paclitaxel in mice [35] . In this study C57BL/6 mice were administered biweekly intravenous injections of either 50% manuka suspension, 10 mg/kg paclitaxel, or a combination of both treatments. Saline (100 mL) was used as a control. At days 20 and 24 after treatment, the apoptotic cells present in the tumours were identified using caspase-3 immunohistochemical assay. The number of caspase-3-positive cells was the highest in the tumours from the mice treated with the combination of manuka with paclitaxel, suggesting that administration of manuka honey together with the standard chemotherapeutic drug may decrease its cytotoxic side effects.
In another study, a mixture of honey bee products (honey, royal jelly, pollen grains) at concentrations equivalent to the recommended daily intake in humans, ameliorated the genotoxic effects of 20 mg/kg body weight of the anticancer drug cyclophosphamide in mice [162] . One tablespoon of sunflower honey taken for 14 days reduced menopausal complaints in breast cancer patients receiving Tamoxifen and aromatase inhibitors [163] . However, the group receiving aromatase inhibitors also showed an increase in oestrogen levels, raising some concerns on the use of honey for patients receiving this treatment.
Cisplatin, another common chemotherapeutic drug, is known for its nephrotoxic side effects. In rats, oral administration of crude honey at 500 mg/kg per day for one week prior to and three days after the administration of cisplatin, reduced the nephrotoxicity of the drug and the mechanism was described through suppression of NF-kB activation by honey [164] .
Honey has been suggested to have potential benefits in radiation-induced mucositis and radiotherapy-induced skin reactions in chemotherapy patients [165] . Febrile neutropenia, a side effect of chemotherapy, was shown to be reduced in leukaemia patients by Life-Mel honey (Express Honey, Tzuf Globus, Israel) (5 g/day for five days) [166] and unprocessed raw honey (2.5 g/kg, twice a week for 12 weeks) [167] . Oral mucositis, a side effect of radiotherapy and chemotherapy, remains a challenge to manage. A systematic review by Song et al. [168] and its further evaluation by Van Den Wyngaer [169] , suggested a promising effect of honey on mucositis, but warranted the need for further clinical trials to confirm its benefits.
Safety
Honey has been used for centuries as a source of nutrition and topical wound treatment with no reports of adverse effects from the majority of varieties. Gastrointestinal upset and a case of hepatitis [170] has been reported following consumption of honey derived from Rhododendron flowers, colloquially known as "mad honey", however, such incidences are rare and restricted to specific sources. Recently, the safety of honey as a medicinal agent has been demonstrated in a study conducted by Fernandez-Cabezudo et al. [35] . The authors treated tumour-bearing mice with an intravenous injection of manuka honey for three weeks with no indication of any side effects when haematological and clinical chemistry parameters were evaluated.
Conclusions
Overall, evidence from cell culture and animal studies look promising for honey in terms of chemo prevention, as well as an adjunct therapy to cancer drugs. Honey is readily available, inexpensive, easy to administer, and poses minimal risk of adverse side effects. However, the specific composition and properties of honey and its anticancer effects vary with the nectar source, honey bee species, climate, geographical region, extent of processing, as well as packaging and storage [6] . Efficacy after in vivo supplementation will depend on the extent to which phenolic levels are raised in the blood, and also on the active constituents reaching the tumour site at sufficient concentrations. Studies have demonstrated that phenolics sourced from honey are bioavailable in humans [26] , however, it remains to be seen whether the concentration achieved in blood is sufficient to intercept the cancer processes in vivo. Findings from the in vitro and in vivo animal studies mentioned in this review suggest a positive impact of honey on several aspects of cancer. There are, however, several modifiers of metastasis which are yet to be studied for the effects of honey. For example, cancer-associated fibroblasts play an important role in tumour progression; honey has been shown to increase their proliferation during wound healing and was also reported to provide protection from radiation-induced damage to human diploid fibroblasts [171] . Therefore, further studies should examine the effects of honey on cancer-associated fibroblasts. The effect of honey on extracellular-degrading proteases i.e., matrix metalloproteinases, of which fibroblasts are an important source, has not been studied extensively to date. Honey's effects on the growth signalling pathways and on the invasive properties of cancer cells are also under-researched areas. Direct injection of honey into a tumour appears to be an attractive option, however, further research is needed to evaluate the overall effectiveness of this approach. Although cancer cells feed on sugars, the high sugar content of honey, if injected directly into the tumour site, may influence the tumour stroma through the osmolarity effect. It would also be interesting to examine if such an approach could prevent neoplastic lesions from becoming invasive, as well as to measure the length of time during which these effects are sustained after treatment. Therefore, further mechanistic studies are needed to verify the anticancer potential of honey before recommendations for its use in clinical trials can be made.
